Introduction
One of the most celebrated organic molecules for electronics, tetrathiafulvalene (TTF), was indepently reported by Wudl in 1970 and by, Coffen and Hunnig in 1971. 1 TTF and its derivatives have been thoroughly used as components of organic conductors, 2 but only recently, it has been shown that TTF derivatives are very promising materials for the preparation of OFETs owing to their processability and high device performance. [3] [4] [5] [6] [7] [8] [9] OFETs using TTFs as semiconductors have been prepared either from vacuum deposition or from solution. Soluble semiconductors are highly desired since they are compatible with low-cost deposition techniques (i.e. spin coating, ink-jet printing, etc.) and they allow In all cases, two or three intense bands are observed in the UV region (see Table S1 , Supporting Information and Figures S10 and S11). In the case of 6 only one band is observed in the visible region, which appears at λ = 441 nm. Compounds 15-18 show a band around λ = 385 nm and a broad shoulder centered in the range of λ = 460-480 nm. This band is more red shifted in the fluorine substituted molecules 16-18 due to the more electro-withdrawing character of the substituents.
The bands at lower energies are assigned to the HOMO-LUMO transition and, thus, the onset of these bands allows us to estimate the HOMO-LUMO gap 15 that, in all cases, is around 2.0 eV (see Table 1 ). Figure 1 ). The redox processes expected from the reduction of the phthalimide groups in compounds 15-18 could not be clearly observed.
As expected, the most cathodic potentials correspond to the fluorine substituted TTFs 16-18, where the oxidation peaks appear at potentials approximately 0.15 V higher than the potentials found for 6 (Table 1) . In any case, the values of the first oxidation potentials of all these compounds are considerably higher than the first oxidation potential found for the symmetric compound DB-TTF (E 1/2 1 = 0.17 V vs Fc + /Fc), 6 which can be explained by the fact that they incorporate electron-withdrawing groups. As a consequence, these systems are expected to be more stable to oxygen exposure.
The CV experiments can be used as an experimental tool to estimate the energy of the frontier orbitals of the molecules. Therefore, from the onset of the first oxidation redox process it is possible to calculate the value of the HOMO. The value of the HOMO energy is found to be lower in the case of the phthalimide-containing compounds. Since no reduction processes were seen in the CV experiments, the estimation of the LUMO was carried out by using the HOMO-LUMO gap (Eg) obtained by UV-Vis spectroscopy. 15 These orbital energy levels are listed in Table 1 .
The energies of the HOMO levels are in the range of -5.11 to -5.27 eV, and the energies of the LUMOs vary from -2.97 to -3.17 eV. From these values, it should be noticed that the imide moiety decreases the energy value of both HOMO and LUMO. Further incorporation of fluorinated groups also produces a small reduction of the energy of the frontier orbitals, being lower than the ones of symmetric non fluorinated dibenzotetrathiafulvalene bisimides. 9 The stabilization of HOMO is evident when compared to the one of DB-TTF, which was experimentally estimated to be around -4.97 eV.
In complement to these measurements, DFT calculations were performed with the B3LYP functional and the 6-31G* basis set in vacuum. The geometries found for the TTFs are the typical boat conformation which is usually reported in gas phase electron diffraction and theoretical calculations performed for TTF and its derivatives. 16 The HOMO of these compounds is mainly located on the TTF core and the LUMO on the electron-withdrawing groups, namely, the COOMe and the phthalimide groups (see Figures S14-S18 in Supporting Information). This displacement in the position of the LUMO clearly indicates the higher electron affinity of the imide groups substituted with fluorinated chains. The calculated energies found for the frontier orbitals of the TTF derivatives are summarized in Table 1 . If no direct comparison between CV measurements and theoretical estimations of the frontier orbitals energies can be made, the trends concerning the evolution of their values are well correlated.
UV-Vis /Electrochem.DFT B3LYP/6-31G* Molecular and crystal structures. Dark red single crystals of 6 with plate-like rectangular shape were grown via slow evaporation of a chlorobenzene solution. Tetrathiafulvalene 6 crystallizes in the monoclinic system, space group P2(1)/n and its structure consists of two crystallographically distinct molecules. The two molecules that compose the asymmetric unit cell are shown in Figure 2a . In both of them the benzo moiety and one methyl ester group are essentially coplanar with the TTF core and the other methyl ester group is twisted to be nearly perpendicular (73.57 and 77.70º) core. However, though one of these molecules is fundamentally planar, the other presents a significative bending of the TTF core in the side of the ester groups (22.73º) . This molecules form dimers in which the two TTF cores are nearly parallel (the angle between the planes is 2.73º) and interact via π−π and S···S interactions, with the closest S···S distance of 3.773 Å. These dimers form stacks along the a* axis of the cell (Figure 2b ). Taking The long axis of the rectangular crystal is parallel to the b-crystallographic axis that exhibits numerous short intermolecular interactions, with S···S distances down to 3.606 Å to create an infinite 1D channel ( Figure 2b ). This can favour the charge transfer along this axis which is probed in the OFET measurements (see below).
Single crystals of the TTF-phthalimides 15-18 were also obtained by slow evaporation of chlorobenzene solutions (CHCl 3 in case of 17). All these compounds crystallize in the triclinic system, in the P-1 space group. However, whereas the structures of 15, 16 and 18 are very similar and are formed by one crystallographically distinct molecule, the crystal structure of 17 is completely different with a unit cell composed of two crystallographically different molecules. The formation of these two types of crystal structures can be in part due to the different nature of the solvent employed for their crystallisation. Compounds 15, 16 and 18 exhibit conformations of the conjugated system where all rings in the imide side of the molecule are coplanar with the contiguous dithiol ring and present a small angle between these planes and the ones that contain the two other sulphur atoms and the carbon-carbon double bond bearing the COOMe substituents. This bending is more pronounced in 16 (11.63º). The ester groups are twisted in all cases with angles that range from 7.50 to 56.61º. As in the case of compound 6, phthalimide-substituted TTFs 15, 16 and 18 form head-to-tail dimers that stack into columns. In all cases there are similar intra-dimer and inter-dimer distances (plane-to-plane distances between 3.50 and 3.69 Å for all of them). Nevertheless, they differ in the longitudinal shifting of the molecules in the intra-and inter-dimers (see Figure 3 ) and as a consequence, there are large differences in the sulphursulphur distances, which are for the intra-dimer pairs 3.960, 3.714 and 3.807 Å for 15, 16 and 18, respectively. However, there are no short S···S distances in the inter-dimer structures, and neither between different columns. Probably the most significant difference in the crystals is the lateral packing of the columns. Compound 15 exhibits an almost planar head-to-tail packing with the nearest neighbour molecules in the adjacent stacks, whereas in compounds 16 and 18 the packing is head-to-head (Figures S19-S22 in Supporting Information).
As found for 6, several weak hydrogen bonds are observed in these crystals, especially between the imide CO groups and the aromatic protons and the ester CO groups and the terminal CH 3 groups Compound 17 has two crystallographically distinct molecules that are fundamentally planar and form an angle of 71.7º between them. The packing of one of these molecules is similar to the other phthalimide-TTF derivatives exhibiting a columnar structure of dimers (Figure 5a ), but the other molecules form a layer of dimers with their face almost perpendicular to the adjacent units of the columns (see Figure S21 , Supporting Information). Inside the columns, the intra-dimer and inter-dimer S···S distances are 3.998 and 4.541 Å and the plane-to-plane distances are 3.529 and 3.599 Å, respectively. These distances are slightly longer than in the other phthalimide substituted TTFs studied here. Despite the fact that the packing of 17 is considerably more complex, the nature of the hydrogen bonds is similar.
Indexation measurements of crystals of 17 show that the longer axis of the crystal coincides with the crystallographic a axis, that is the stacking direction of the columns. The rate constant depends on several parameters accessible from quantum-chemical calculations:
-the transfer integral t which depicts the strength of the interactions between the electronic levels (HOMO for holes and LUMO for electrons) of the molecules involved in the charge transfer process.
This parameter has been calculated at the Density Functional Theory (DFT) level with the B3LYP functional and a TZP basis set, using the fragment approach implemented in the ADF package with the methodology described in Ref 21.
-S is the Huang-Rhys factor associated to a single effective intramolecular vibrational mode (with a typical energy ħω of a stretching mode set here to 0.2 eV) that assists the charge transfer by allowing for tunneling across the energy barrier. With a single mode, S is directly related to the internal reorganization energy λ i (= S⋅ħω) that reflects the degree of geometric changes in the molecules upon addition of a charge; 22 λ i is often computed at the DFT level with the B3LYP functional and a 6-31G(d,p) basis set due to the good agreement observed with values extracted from Ultraviolet Photoemission Spectroscopy spectra.
23
-λ s is the external reorganization energy that accounts for the nuclear displacements in the surrounding medium and the resulting electronic effects. 24 This parameter cannot be easily accessed
from quantum-chemical calculations though values in the range between 0.2 and 0.3 eV are obtained from simple models based on a dielectric continuum. 25 We will set here λ s equal to a value 0.2 eV in all crystals; we stress that the main conclusions of this work remain valid for other values of λ s .
-when neglecting entropic contributions, the Gibbs energy ∆G 0 accounts for the difference in energy between the initial and final states involved in the charge transfer process. Since a weak energetic disorder is expected in single crystals, we have considered only the impact of the external electric field.
In this case, ∆G 0 is expressed as shows that the main changes are systematically located over the TTF core leading to the appearance of a quinoid structure. Note that such λ i values are significantly larger than that calculated at the same level of theory for pentacene (~ 100 meV) 23 and DB-TTF (250 meV), a symmetric compound of the family.
However, a theoretical study on DT-TTF showed that when the local molecular environment is taken into account in DT-TTF (i.e. including in the calculation a cluster of molecules instead of a single one) and the charge can be partially delocalised over several molecules, the value of the reorganisation energy is significantly reduced. This behaviour can also be expected to take place in other TTF derivatives.
2d,26
Previous theoretical works 25, 27 have shown that the magnitude of the transfer integral is driven by the shape of the molecular orbitals as well as by the relative position of the molecules involved in the charge transfer. We have thus calculated the transfer integrals for all possible directions in the crystalline structures and have reported hereafter only the non-negligible contributions (larger than 1 meV). As mentioned before, compound 17 exhibits a quite different packing compared to the other molecules ( Figure 5a ). The a-b plane is made of a juxtaposition of columns of different types promoting face-to-face or side-to-side configurations. The transfer integrals in face-to-face configurations are different for the intra-dimer (13 meV, dimer 1-2) versus inter-dimer (67 meV, dimer 2-3) jump, as expected from the head-to-tail geometry. Very small contributions are found along the side-to-side direction (6 meV, dimer 6-7) whereas significant values are calculated for the dimers 7-8 and 7-9.
Moreover, inter-columnar charge transfer is expected to occur in view of the significant transfer integrals calculated in dimers 3-7, 4-7, and 5-7 (67, 30, and 13 meV, respectively). Note that the pathways are equivalent in dimers 8-10, 8-11, 8-12 due to the symmetry of the crystal. For all derivatives under study, it turns out that transfer integrals between molecules located in different layers are very small so that charge transport has a two-dimensional character. Several experimental studies 28 have nicely shown that the charge carrier mobility in single crystals is generally not isotropic due to the high sensitivity of electronic couplings to molecular packing. MonteCarlo simulations have thus been performed in order to characterise the anisotropy of the hole mobility for the different TTF derivatives. These simulations propagate a single charge carrier in the crystals along directions chosen according to the transfer probability p ij : 29 where k ij is the transfer rate between molecules i and j and the sum runs over all neighbours of the molecule supporting the charge. The charge carrier mobility is ultimately evaluated from the total distance d tot travelled by the charge during the simulation, the total time t tot of the simulation (linked to the individual hopping times and hence inverse of the individual transfer rates) and electric field norm:
The mobility anisotropy curve is then generated by repeating this scheme for different orientations of the electric field. An electric field of 1000 V/cm similar in magnitude to that typically applied in fieldeffect transistors is considered here.
As expected, compounds 15, 16, and 18 have their maximum hole mobility value ( Figure S27 , Figure   S28 and Figure S29 ) along the intra-columnar direction. This is driven by the large difference between the transfer integrals along the intra-and inter-columnar directions, leading to a ratio of the mobility around 4.5, 2, and 8, respectively. In spite of the small transfer integral values along the inter-columnar direction (b-axis) in 6, the mobility value is maximized along this axis (Figure 6a ). The simulations indicate that the holes migrate with a zig-zag motion along the diagonal axes to yield the largest mobility component along the b axis. The anisotropy is weak for this compound since the transfer integrals have the same order of magnitude along the a and diagonal directions. In spite of the tight packing of molecule 17 within the columns along the a axis, the simulations reveal a mobility maximum along the inter-columnar direction (deviation of 70 degrees compared to the measurement direction, see Figure 6b ). This is rationalized by the presence of efficient inter-columnar pathways, as discussed previously. The 0 degree orientation corresponds to the a axis. The black arrows depict the intra-columnar direction.
The mobility values are expressed in cm 2 V -1 s -1 .
Single-crystal field-effect transistor devices. OFETs were fabricated on thermally oxidized silicon substrates. Crystals were formed on the substrate by drop casting a solution of 0.5-1.0 mg of the compounds in 1 ml of toluene or chlorobenzene and allowing the solvent to evaporate slowly under darkness and reduced ambient humidity. Only 6 gave crystals good enough to give reliable measurements. Some of the long plate-like crystals formed were connected with graphite paste ( Figure   7 ). was calculated according to the formula described in the experimental section and the mobility found in the saturation regime at V SD = -40 V was of 7.5 x 10 -3 cm 2 V -1 s -1 (V TH = -27.6 V; on/off = 80) which is in the order of the one predicted theoretically (Figure 6 i). The stability of these devices was tested measuring the electrical properties every week along a month in which the devices were stored in room conditions. In this period, no degradation of the mobility was observed, and only a small doping effect caused the shifting of threshold voltage from -27.6 V to 28 V.
Interestingly, we should notice that the OFET measurements were carried out along the longest crystal axis (parallel to b) where the calculations predict the best transport pathways. This direction does not correspond to the face-to-face packing of the molecules like in the high mobility semiconductors DB-TTF and DT-TTF, but is promoted through a diagonal zig-zag pathway where one of the most prominent features is the presence of short S···S contacts. This result is in agreement with the fact that π-stacking is not the only assembly that can result in effective orbital overlap, as it has been discussed by Brédas and col. 30 Indeed, in other TTF derivatives lateral S···S have also been found to give rise to high charge carrier mobilities. 
Conclusion
In summary, we have described the synthesis and crystal structure of a series of tetrathiafulvalene derivatives bearing electron-witdrawing groups as esters and imides. These groups contribute to reduce the energies of frontier orbitals and the HOMO-LUMO gap of these compounds when compared to other TTF derivatives used as semiconductors such as DB-TTF and DT-TTF. The incorporation of the ester groups have the additional advantage of imparting good solubility to the compounds, permitting the preparation of OFET devices with single crystals of the TTF derivatives grown from solution, and giving an improved stability to de prepared devices. In all cases, the crystal structure of the compounds shows slip-stacks of dimers in contrast with the TTF derivatives that are symmetrically substituted such as DB-TTF 32 and dibenzotetrathiafulvalene bisimides, 9 in which regular columns of molecules are formed. The DFT quantum-chemical calculations carried out point to relatively high reorganization energy in all compounds. Furthermore, the computed values of the transfer integrals show wide variations with non negligible transfer integrals calculated along specific directions that not always correspond to the π-π stacking of the molecules. In the tested conditions, the best OFET performance with μ = 7.5 x 10 -3 cm 2 V -1 s -1 have been found in devices prepared with a single crystal of 6 in a top contact configuration using graphite paste as source and drain electrodes. Undoubtedly, the search for novel soluble organic semiconductors is a crucial step in order to progress in the field.
Experimental Section
Materials and Methods. All reactions were carried out under Ar and using solvents which were dried by routine procedures. Bis(bromomethyl)dithiolone, 14 3,4-methoxicarbonyldithiol-tione 29 and phosphonium salt 4 12 were synthesized using procedures reported in the literature. Graphite paste XC-12 was purchased from Dotite and thermally grown silicon dioxide was purchased from Si-Mat.
Reagents obtained from commercial sources were used without further purification. Column chromatography was performed using silica gel (60 A C.C. 35-70 μm, sds) as the stationary phase. 
Synthesis of BDC-TTF (6).
A solution of 4 12 (3.234 g, 5.7 mmol) and 1,3-benzodithiolylium tetrafluoroborate (1.405 g, 5.8 mmol) , in dry acetonitrile (45 ml) was stirred for 30 min under argon.
Dry triethylamine (5 ml) was added to this solution and the resulting mixture was stirred overnight. The red solid that precipitates was filtered and recrystallised from methanol to yield a red crystalline solid (1.097 g, 3.0 mmol, 51%) that was characterized as 6. ( Soc., 2004, 126, 6544-6545. 
